Chlorogenic acid possessed a weak caffeine-like psychostimulant property when assessed for its effect on spontaneous locomotor activity in mice. In the evaluation of the effects for the major metabolites of chlorogenic acid which were detected upon incubation with rat feces and/or excreted in urine after oral administration to rats, caffeic and m-coumaric acids were found to be the principal active metabolites, while the others contributed little to this caffeine-like psychostimulant activity.
Previously, Czok reported that chlorogenic acid exhibited a weak neurostimulating effect in rats by the electro-shock method, and co-application of chlorogenic acid with caffeine increased the central stimulating action, dose-dependently, 1) but later another paper 2) denied such an effect of chlorogenic acid. No further evidence as to these opposite conclusions for the caffeine-like psychostimulant effect of the polyphenol has appeared, and thus the effect of chlorogenic acid on the neural system remains to be confirmed. As a part of our exploratory study of new physiological functions of plant polyphenols, we previously investigated the effect of chlorogenic acid on the sleep-wakefulness cycle in rats, and found that chlorogenic acid exhibited a significant prolongation of sleep latency. Its effect was attributed mainly to its metabolite, caffeic acid. 3) In the present study, we investigated the effect on spontaneous locomotor activity in mice to obtain further evidence for the effect of chlorogenic acid and its metabolites on the central nervous system. Male ddY strain mice (weighing 20-30 g, Japan SLC, Shizuoka, Japan) and male SD rats (weighing 180-220 g, specific pathogen free, Charles River Laboratories, Yokohama, Japan) were used. Rat (or mouse) feces (1 g) were suspended in general anaerobic medium (10 ml, Na 2 HPO 4 . 12H 2 O 7.5 g, KH 2 PO 4 2.25 g, Tween 80 0.4 g, Na 2 S . 9H 2 O 0.3 g, agar 0.25 g in 500 ml distilled water, autoclaved at 121 C for 15 min prior to use). After centrifugation at 1,000 rpm for 5 min, a supernatant was used as a microflora suspension. An aliquot (1 ml) of the suspension was incubated with a solution (10 ml) of 10% (w/v) chlorogenic acid in DMSO at 37 C with AnaeroPack Ò (disposable O 2 absorbing and CO 2 generating agent, Mitsubishi Gas Chemical Co., Inc., Tokyo) in an anaerobic jar. The reaction mixture for intervals of 6, 12, and 24 h was frozen and used to monitor the reaction process as follows: Each reaction mixture was added to methanol (1 ml) and centrifuged at 12,000 rpm for 10 min. The supernatant was filtered (0.20 mm, Minisart N, Sartorius AG., Goettingen, Germany) and injected into a reversedphase HPLC system (Mightysil RP-18, GL Sciences, Tokyo, column, 4:6 Â 150 mm, developed with H 2 OMeOH-AcOH, 80:15:5, flow rate, 1.0 ml/min, detection UV 280 nm at 40 C). The results are shown in Fig. 1 . The microbial metabolic profile of the rats showed a striking resemblance to that of mice. The first metabolic event observed was the appearance of caffeic acid, indicating ester cleavage of chlorogenic acid. The next metabolite was dihydrocaffeic acid produced by reduction of caffeic acid, and then a small amount of 3-hydroxyphenylpropionic acid was detected, probably as the final metabolite in 24 h incubation. These microbial metabolites were confirmed by their isolation in a largescale experiment. They were hence regarded as compo-nents absorbed from the intestine and were considered for their activity.
Urine samples (144 ml) were collected from five rats over 24 h after intragastrical administration of chlorogenic acid (160 mg/kg, equivalent to 0.45 mmol/kg). The urine sample was acidified with 1 M HCl and divided into two portions. One portion (24 ml) was passed through Mega Bond Elut C18 (Varian, Lake Forest, CA, USA), and the MeOH eluate was used for HPLC analysis. The other portion (120 ml) was incubated with a solution (12 ml) of -glucuronidase (10,000 units) and sulfatase (300 units) dissolved in 0.1 M acetate buffer (pH 5.0) at 37 C for 24 h. The deconjugated solution was further acidified with 1 M HCl and passed through Cosmosil 75 C18-PREP (Nacalai Tesque, Kyoto, Japan). After they were washed with water, the products were eluted with MeOH. The MeOH eluate was analyzed and compared with the urine sample mentioned above by reversed-phase HPLC equipped with a photodiode-array detector (Fig. 2) . The metabolites excreted in the urine after oral administration of chlorogenic acid to the rats were identified as benzoic acid, ferulic acid, m-coumaric acid, hippuric acid, vanillic acid, caffeic acid, dihydrocaffeic acid, and 3-hydroxyphenylpropionic acid. Chlorogenic acid is stable in artificial gastric juice, implying that the ingested chlorogenic acid can reach the intestinal tract without structural changes. However, previous studies in animals and humans indicate that chlorogenic acid is somewhat absorbed in the gut and almost completely metabolized by intestinal microflora. [4] [5] [6] [7] [8] [9] The metabolites are then absorbed into the circulatory system and transported in the urine through further metabolism, including conjugation. Although the bioavailability of chlorogenic acid has never been investigated in mice, m-coumaric, ferulic, and 3-hydroxyphenylpropionic acids, as metabolites, have been detected in rat plasma and urine after a chlorogenic acid diet. 7) Nevertheless, the genuine active metabolites of chlorogenic acid toward various biological properties were left unknown in previous studies. 1, 10) Among the metabolites found in the present study, caffeic, m-coumaric, 3-hydroxyphenylpropionic, and ferulic acids was assessed for spontaneous locomotor activity in mice. Each point shows cumulative value AE S.E.M. n ¼ 9{14, Ã P < 0:05, ÃÃ P < 0:01, (A) chlorogenic acid, (B) caffeic acid, (C) m-coumaric acid, (D) 3-hydroxyphenylpropionic acid, (E) ferulic acid, (F) caffeine.
Locomotor activity was monitored with an infrared detector (Pyro-electronic type, Model NS-AS01, Neuroscience, Tokyo). After adaptation for 10 min in a plastic cage (32 Â 22 Â 13 cm), the test compounds were administered orally. Thereafter, the mice were returned to the home cage. After 30 min, the mice were transferred to a plastic cage again, and locomotor activity was measured at an interval of 10 min for 60 min between 10:00 and 15:00. Activity was recorded as the number of infrared beams broken in 10 min (ambulatory count). As shown in Fig. 3 , chlorogenic acid at doses of 1.4 and 2.0 mmol/kg showed no significant effect, but at a dose of 2.8 mmol/kg, it caused a significant increase in locomotor activity from 10 to 60 min after drug administration. Both caffeic and m-coumaric acids also caused a significant increase in locomotor activity at a dose of 3.0 mmol/kg from 10 to 60 min after drug administration. On the other hand, 3-hydroxyphenylpropionic acid and ferulic acid caused no significant changes in locomotor activity even at a dose of 2.6 mmol/kg. Caffeine, used as control drug, caused a potent and doserelated increase in locomotor activity at doses of 10-50 mmol/kg.
It was found that caffeic and m-coumaric acids showed more potent effects in increases in locomotor activity than chlorogenic acid or other metabolites. These results indicate that both caffeic and m-coumaric acids might be responsible for the psychostimulant activity induced by chlorogenic acid. Although the metabolism from chlorogenic acid to caffeic acid and its analogs in in vitro animal feces takes a rather long time (Fig. 1 ), it appears likely that caffeic acid once produced by microflora in vivo is immediately absorbed in part, and that the remainder is metabolized partly into mcoumaric acid and other acids during circulation, and that they contribute to the psychostimulant activity of chlorogenic acid. Further in vivo study is required to determine the concentration for each metabolite in feces and serum. Furthermore, it should be investigated whether the metabolites pass the blood-brain barrier.
In addition to diverse biological activities reported for plant polyphenols, a neurostimulating effect of polyphenols, which has been little emphasized, was found in this study as revealed by the significant stimulation of chlorogenic acid and its metabolites of spontaneous locomotor activity in mice. Although this effect was very much weaker than that of caffeine, its contribution should not be ignored, because it is generally abundant in many beverages. For example, the content of chlorogenic acid and related caffeoyl analogs in roasted coffee are more than 10%, in contrast with less than 1% of caffeine. 11, 12) The active metabolite, caffeic and/or m-coumaric acids should also be further investigated by different assay methods for a better understanding of the neuropharmacological potentiation of the polyphenols.
